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This article presents a search for high mass e~ or /j.'^ fi~ resonances in pp collisions at ^/s — 7 TeV 
at the LHC. The data were recorded by the ATLAS experiment during 2010 and correspond to a 
total integrated luminosity of ~ 40 pb"'^. No statistically significant excess above the Standard 
Model expectation is observed in the search region of dilepton invariant mass above 110 GeV. 
Upper limits at the 95% confidence level are set on the cross section times branching ratio of Z' 
resonances decaying to dielectrons and dimuons as a function of the resonance mass. A lower mass 
limit of 1.048 TeV on the Sequential Standard Model Z' boson is derived, as well as mass limits on 
Z* and i?6-motivated Z' models. 



A search for high mass resonances decaying into e^e^ 
or fi^fJ,^ pairs is presented based on an analysis of 7 TeV 
pp collision data recorded with the ATLAS detector 
Among the possibilities for such resonances, this article 
focuses on new heavy neutral gauge bosons {Z' , Z*) 0-01; 
other hypothetical states like a Randall-Sundrum spin-2 
graviton 5] or a spin-1 techni-meson [6] are not discussed 
here, though this analysis is also sensitive to them. 

The benchmark model for Z' bosons is the Sequen- 
tial Standard Model (SSM) 0, in which the Z' (Z^sm) 
has the same couplings to fermions as the Z boson. A 
more theoretically motivated model is the Grand Unifi- 
cation model in which the Eq gauge group is broken into 
SU{5) and two additional C/(l) groups The Hghtest 
linear combination of the corresponding two new neutral 
gauge bosons, Z'^ and Z'^, is considered the Z' candidate: 
Z'{0Ee) = Z'^cosdEe + ^^sin^Bg, where < < tt 
is the mixing angle between the two gauge bosons. The 
pattern of spontaneous symmetry breaking and the value 
of determines the Z' couplings to fermions; six dif- 
ferent models 0, 0] lead to the specific Z' states named 
Z'^, Z^, Z'^, Z'j, Z'g and Z'^ respectively. Because of dif- 
ferent couplings to u and d quarks, the ranking of the 
production cross sections of these six states is different 
in pp and pp collisions. In this search, the resonances are 
assumed to have a narrow intrinsic width, comparable to 
the contribution from the detector mass resolution. The 
expected intrinsic width of the -^sgM ^ fraction of the 
mass is 3.1%, while for any Eq model the intrinsic width 
is predicted to be between 0.5% and 1.3% Q. 

Production of a Z* boson [1, Q could also be detected 
in a dilepton resonance search. The anomalous (magnetic 
moment type) coupling of the Z* boson leads to kine- 
matic distributions different from those of the Z' boson. 
To fix the coupling strength, a model with quark-lepton 
universality, and with the total Z* decay width equal to 
that of the ^gsM with the same mass, is adopted 0,|TH. 

Previous indirect and direct searches have set con- 
straints on the mass of Z' resonances (T^ - [T6| . The ^gg^ 
is excluded by direct searches at the Tevatron with a 
mass lower than 1.071 TeV [13, [III- The large center 



of mass energy of the LHC provides an opportunity to 
search for Z' resonances with comparable sensitivity us- 
ing the 2010 pp collision data. CMS has very recently 
excluded a -^sgjvi with a mass lower than 1.140 TeV il9|. 

The three main detector systems of ATLAS [l[ used in 
this analysis are the inner tracking detector, the calorime- 
ter, and the muon spectrometer. Charged particle tracks 
and vertices are reconstructed with the inner detector 
(ID) which consists of silicon pixel, silicon strip, and 
transition radiation detectors covering the pseudorapid- 
ity range jryj < 2.5 [47| . It is immersed in a homoge- 
neous 2 T magnetic field provided by a superconducting 
solenoid. The latter is surrounded by a finely-segmented, 
hermetic calorimeter that covers \r]\ < 4.9 and provides 
three-dimensional reconstruction of particle showers us- 
ing lead-liquid argon sampling for the electromagnetic 
compartment followed by a hadronic compartment which 
is based on iron-scintillating tiles sampling in the central 
region and on liquid argon sampling with copper or tung- 
sten absorbers for \r]\ > 1.7. Outside the calorimeter, 
there is a muon spectrometer with air-core toroids pro- 
viding a magnetic field. Three sets of drift tubes or cath- 
ode strip chambers provide precision (77) coordinates for 
momentum measurement in the region I77I < 2.5. Finally, 
resistive-plate and thin-gap chambers provide muon trig- 
gering capability. 

The data sample used in this analysis was collected 
during 2010. Application of detector and data quality 
requirements leads to an available integrated luminosity 
of 39 pb^^ and 42 pb^^ for the electron and muon anal- 
yses respectively. 

Triggers requiring the presence of at least one electron 
or muon above a transverse momentum (pt) threshold 
were used to identify the events recorded for full recon- 
struction. The thresholds varied from 14 to 20 GeV for 
electrons and 10 to 13 GeV for muons depending on the 
luminosity. The overall trigger efficiency at the Z peak 
is 100% with negligible uncertainty for dielectron events 
and (98.2 ±0.3)% for dimuon events, for the selection cri- 
teria presented below. The trigger-level bunch-crossing 
identification of very high transverse energy electron trig- 
gers relies on a special algorithm implemented in the first- 
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level calorimeter trigger hardware; its performance was 
checked with calibration data and the resulting system- 
atic uncertainty on the trigger efficiency is ^2*^. Colli- 
sion candidates are selected by requiring a primary ver- 
tex with at least three associated charged particle tracks, 
consistent with the beam interaction region. 

In the e^e~ channel, two electron candidates are re- 
quired with transverse energy Et > 25 GeV, [t^I < 2.47; 
the region 1.37 < < 1.52 is excluded because it corre- 
sponds to a transition region between the barrel and end- 
cap calorimeters which has degraded energy resolution. 
Electron candidates are formed from clusters of cells re- 
constructed in the electromagnetic calorimeter. Criteria 
on the transverse shower shape, the longitudinal leakage 
into the hadronic calorimeter, and the association to an 
inner detector track are applied to the cluster to satisfy 
the Medium electron definition [2^ [2l|. The electron 
energy is obtained from the calorimeter measurements 
and its direction from the associated track. A hit in 
the first layer of the pixel detector is required (if an ac- 
tive pixel layer is traversed) to suppress background from 
photon conversions. In addition, a fiducial cut removes 
events with electrons near problematic regions of the elec- 
tromagnetic calorimeter during the 2010 run, reducing 
the acceptance by 6%. The two electron candidates are 
not required to have opposite charge because of possible 
charge mis-identification either due to bremsstrahlung or 
to the limited momentum resolution of the inner detector 
at very high px- For these selection criteria, the overall 
event acceptance for a — e+e~ of mass 1 TeV is 60%. 

In the channel, two muon candidates of opposite 

charge are required, each satisfying > 25 GeV. These 
muons are required to be within the trigger acceptance 
of |?/| < 2.4. Muon tracks are reconstructed indepen- 
dently in both the inner detector and muon spectrome- 
ter. The momentum is taken from a combined fit to the 
measurements from both subsystems. To obtain optimal 
momentum resolution, the muons used in this analysis 
are required to have at least three hits in each of the 
inner, middle, and outer detectors of the muon system, 
and at least one hit in the non-bend plane. Residual 
misalignments of the muon detectors, which could cause 
a degradation of the momentum resolution, were stud- 
ied with cosmic rays and with collision data in which 
the muons traversed overlapping sets of muon chambers. 
The effect of the misalignments, and the intrinsic po- 
sition resolution, are included in the simulation. Stud- 
ies of muons from W decays verified that the observed 
momentum spectrum agrees with the simulation up to 
Pt = 300 GeV above which the event numbers are sparse. 
To suppress background from cosmic rays, the muons are 
also required to satisfy selections on the impact param- 
eter, I do I < 0.2 mm; z coordinate with respect to the 
primary vertex (PV), \zo — z(PV)| < 1 mm; and on the 
z position of the primary vertex, |z(PV)| < 200 mm. To 
reduce the background from jets, each muon is required 
to be isolated such that EpxlAi? < 0.3)/pT(y^) < 0.05, 
where I]pT(Ai? < 0.3) is the sum of the px of the other 



tracks in a cone AJ? < 0.3 arou nd the direction of the 
muon (Ai? — {^f])'^ + (Ayj)^). The overall event ac- 
ceptance is 40% for a. Z' /^^A'^ of mass 1 TeV. The 
primary reason for the lower acceptance compared to the 
electron channel is the requirement that hits are observed 
in all three layers of muon chambers, which reduces cov- 
erage in some regions of t;. It is expected that this ac- 
ceptance difference will be recovered in the future. 

For both channels, the dominant background origi- 
nates with the Z/'y* (Drell-Yan) process, which has the 
same final state as Z' or Z* production. In the e+e" 
channel, the second largest background arises from QCD 
jet production including b quarks (referred to below as 
QCD background); above rrie+e- = HO GeV, the next 
largest backgrounds are ti and W + jets events. In the 
fJ-~^ IJ-~ channel, in order of dominance the backgrounds 
are Drell-Yan production, followed by ti and diboson 
{WW, WZ and ZZ) production; the QCD and I^-h jets 
backgrounds are negligible. 

Expected signal and backgrounds, with the exception 
of the QCD component, are evaluated with simulated 
samples and normalized with respect to one another us- 
ing the highest-order available cross section predictions. 
The Z' signal and Z/j* processes are generated with 
Pythia 6.421 ^] using MRST2007 LO* Q parton 
distribution functions (PDF's). The ^gg^ was used 
as the benchmark signal model and this signal sample 
was generated with Pythia using Standard Model cou- 
plings. Z* events are generated with CompHEP [i^l us- 
ing CTEQ6L1 [H] PDF's followed by Pythia for parton 
showering and underlying event generation. The diboson 
processes are generated with Herwig 6.510 |2^, [l^ us- 
ing MRST2007 LO* PDF's. The W + jets background 
is generated with Alpgen [l^ and the tt background 
with MC@NLO 3.41 [295. For both, Jimmy 4.31 [30] is 
used to describe multiple parton interactions and Her- 
wig to describe the remaining underlying event and par- 
ton showers. CTEQ ^2§\ parton distribution functions 
are used. For all samples, final state photon radiation is 
handled by PHOTOS [3l| and the interaction of particles 
and the response of the detector are carried out using full 
detector simulation 32 1 based on Geant4 [33j . 

The Zf-f* cross section is calculated at next-to- next- 
to-leading order (NNLO) using PHOZPR ^ with 
MSTW2008 parton distribution functions [s^. The ratio 
of this cross section to the leading order cross section can 
be used to determine a mass dependent QCD K-factor 
which is applied to the results of the leading order sim- 
ulations. The same QCD K-factor is applied to the Z' 
signal. However, the QCD K-factor is not applied to the 
leading-order Z* cross section since the Z* model uses 
an effective Lagrangian with a different Lorentz struc- 
ture. Higher order weak corrections (beyond the photon 
radiation included in the simulation) are calculated using 
HORACE [sl, [13] , yielding a weak K-factor due to virtual 
heavy gauge boson loops. The weak K-factor is not ap- 
plied to the Z' or Z* signal since it is not universal, but 
depends on the coupling of the W and Z bosons to the 



3 



Z' or Z* . The diboson cross section is known to next- 
to-leading order (NLO) with an uncertainty of 5%. The 
-I- jets cross section is calculated at NLO, and rescaled 
to the inclusive NNLO calculation, resulting in 30% un- 
certainty when at least one parton with Et > 20 GeV 
accompanies the W boson. The tt cross section is pre- 
dicted at approximate- NNLO, with 10% uncertainty [38|- 
l40j . Cross section uncertainties are estimated from PDF 
error sets and from variation of renormalization and fac- 
torization scales in the cross section calculation. 

To estimate the QCD background in the e+e~ sample, 
a combination of three different techniques is used. In the 
"reversed electron identification" technique, a sample of 
events where both electrons pass the Loose electron iden- 
tification selections [l^, [2lj but fail the Medium selections 
is used to determine the shape of the QCD background 
as a function of invariant mass TOg+e-. This template 
shape, and the sum of the Drell-Yan, diboson, tt and 
W -|- jets backgrounds, are fitted to the observed We+e- 
distribution to determine the normalization of the QCD 
contribution. In the second technique [2ll], the isolation 
distribution for the electrons (energy in the calorimeter 
in a cone of AR < 0.4 around the electron track after 
subtracting the electron cluster energy) is fitted to a sig- 
nal template, corresponding to electrons from either Z 
or Z' I Z* production, plus a background template; the 
latter is determined from the data by reversing electron 
identification selections. The third technique relates, via 
a matrix inversion, the measured number of events pass- 
ing Loose or Medium, plus first-pixel-layer hit, identifica- 
tion requirements for each of the two electrons (i.e. four 
different categories of events) to the true number of real 
and fake electron combinations in the sample [4l|, . To 
combine the measurements from each of these estimates 
and obtain the QCD background in the high-mg+g- re- 
gion, a fit in several bins of TUe+e- above 110 GeV is 
performed using a power-law function of m^+e- with the 
parameters being the exponent and the integral number 
of events with mg+e- > 110 GeV. The background in any 
given region of mg+g- is then obtained from an integral of 
this function; the corresponding uncertainty is obtained 
by propagating the statistical and systematic uncertain- 
ties for each of the background estimation methods. A 
small additional systematic uncertainty related to a small 
bias in the fit for low statistics and variations when dif- 
ferent functions were used is also taken into account. The 
power law function gives a conservative estimate of the 
QCD background at very large mg+g-, as it falls less 
rapidly than other functional forms used to fit dijet in- 
variant mass distributions (43l |. 

QCD backgrounds in the /i^/i^ sample can be pro- 
duced by pion and kaon decay in fiight or from semi- 
leptonic decays of b and c quarks. The former is sup- 
pressed by the small decay probability of a high-px pion 
or kaon. The background from semi-leptonic decays 
of b and c quarks is evaluated using the T,pt{AR < 
0.3)/pt(m) isolation variable. A simulated sample of bb 
and cc events is shown to reproduce the isolation distri- 



bution of the muon candidates, after all selection cuts 
except isolation are applied. This simulated QCD sam- 
ple is normalized to the data in the region "EptIAR < 
0.3)/pt(m) > 0.1, and then used to predict the back- 
ground passing the final selection criterion of 'E,pt{AR < 
0.3)/pt(m) < 0.05. A systematic uncertainty of 50% is 
assigned to the QCD background to cover the difference 
between the number of non-isolated muons predicted by 
the simulation and the number observed in the data. 

A direct estimate of background from cosmic rays in 
the muon channel is obtained by observing the rate, and 
mass distribution, of events satisfying 3 < |zo — 2^(PV)| < 
200 mm or |do| > 0.3 mm. The number of events in 
the final sample is obtained by scaling to the number 
expected to pass the |do| < 0.2 mm, and \zo — z{PV)\ < 
1 mm selection criteria. The total cosmic ray background 
above m^+^- ~ 70 GcV is thus estimated to be 0.004 ± 
0.002 events. 

Finally, while the primary estimate of the tt back- 
ground is taken from Monte Carlo for both channels as 
discussed above, a data-driven cross-check of the tt back- 
ground was also performed. The efx final state with dilep- 
ton invariant mass > 100 GeV provides an enriched sam- 
ple of fully leptonic events. After correcting for relative 
efficiencies, it provides a direct estimate from data of the 
tt ^ e~^e~, fJ.^ fJ.~ backgrounds. The results, which have 
relatively large statistical uncertainties due to the limited 
number of events, are in good agreement with the Monte 
Carlo prediction. 

The observed invariant mass distributions, mg+g- and 
1 ai'e compared to the expectation of the SM back- 
grounds. To make this comparison, the sum of the Drell- 
Yan, tt, diboson and W + jets backgrounds (with the 
relative contributions fixed according to the respective 
cross sections) is scaled such that when added to the 
data-driven QCD background, the result agrees with the 
observed number of data events in the 70 - 110 GeV mass 
interval. The advantage of this approach is that the un- 
certainty on the luminosity, and any mass independent 
uncertainties in efficiencies, cancel between the Z' /Z* 
and the Z in the limit computation presented below. 
The integrated Drell-Yan cross section at NNLO above 
a generator-level dilepton invariant mass of 60 GeV is 
(0.989 ± 0.049) nb. 

Figure [T] presents the invariant mass (rrig+g-) distribu- 
tion after final selection while Table |T] shows the number 
of data events and estimated backgrounds in bins of re- 
constructed e+e^ invariant mass. The dielectron invari- 
ant mass distribution is well described by the prediction 
from SM processes. 

Similarly, Figure [2l and Table |lT] show the results for 
the fi'^ fi~ sample. Again, there is good agreement with 
the prediction from SM processes. Figures [T] and [5] also 
display expected ^gg^ signals for three masses around 
1 TeV. Expected Z* signals (not shown) have a simi- 
lar shape and approximately 40% higher cross section. 
Three events in the vicinity of TOg+g- = 600 GeV and a 
single event at m^+^- = 768 GeV are observed in the 
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FIG. 1: Dielectron invariant mass distribution after 

final selection, compared to the stacked sum of all expected 
backgrounds, with three example .^ssm signals overlaid. The 
bin width is constant in logrrig+g- . 



FIG. 2: Dimuon invariant mass (7n^+^-) distribution after 
final selection, compared to the stacked sum of all expected 
backgrounds, with three example ^ssm signals overlaid. The 
bin width is constant in iogm^-t-^^ . 



TABLE I: Expected and observed number of events in the 
dielectron channel. The uncertainties quoted include both 
statistical and systematic uncertainties. The systematic un- 
certainties are correlated across bins and are discussed in the 
text. Entries of 0.0 indicate a value < 0.05. 



TABLE II: Expected and observed number of events in the 
dimuon channel. The uncertainties quoted include both sta- 
tistical and systematic uncertainties. The systematic uncer- 
tainties are correlated across bins and are discussed in the 
text. Entries of 0.0 indicate a value < 0.05. 



ra,+ ,-|GeV| 


70-110 


110-130 


130-150 


150-170 


170-200 


[GeV] 


70-110 


110-130 


130-150 


150-170 


170-200 


Z/l' 


8498.5 ± 


7.9 


104.9 ± 3.3 


36.8 ± 1.3 


19.1 ± 0.7 


14.7 ± 


0.6 


Z/l' 


7546.7 ± 7.1 


98.4 ± 3.1 


33.4 ± 1.1 


17.2 ± 0.6 


12.8 ± 


0.5 


tt 


8.2 ± 


0.8 


2.8 ± 0.3 


2.1 ± 0.2 


1.7 ± 0.2 


1.7 ± 


0.2 


tt 


6.0 ± 0.6 


2.4 ± 0.3 


1.7 ± 0.2 


1.2 ± 0.1 


1.2 ± 


0.1 


Diboson 


12.1 ± 


0.9 


1.0 ± 0.2 


0.7 ± 0.2 


0.5 ± 0.2 


0.5 ± 


0.1 


Diboson 


10.0 ± 0.5 


0.8 ± 0.1 


0.6 ± 0.0 


0.5 ± 0.0 


0.4 ± 


0.0 


W + jets 


6.0 ± 


1.8 


3.7 ± 1.2 


1.2 ± 0.5 


1.3 ± 0.5 


1.2 ± 


0.4 


W + jets 


0.3 ± 0.2 


0.0 ± 0.0 


0.0 ± 0.0 


0.0 ± 0.0 


0.0 ± 


0.0 


QCD 


32.1 ± 


71 


8.4 ± 1.8 


5.5 ± 0.8 


3.2 ± 0.6 


2.8 ± 


0.8 


QCD 


0.1 ± 0.0 


0.0 ± 0.0 


0.0 ± 0.0 


0.0 ± 0.0 


0.0 ± 


0.0 


Total 


8557.0 ± 10.8 


120.9 ± 4.0 


46.4 ± 1.6 


26.2 ± 1.1 


20.8 ± 


1.1 


Total 


7,563.0 ± 7.2 


101.6 ± 3.1 


35.7 ± 1.2 


18.9 ± 0.7 


14.4 ± 


0.5 


Data 


8557 




131 


49 


20 


18 




Data 


7563 


101 


41 


11 


11 




m,+ ,-[GeVl 


200-240 


240-300 


300-400 


400-800 


800-2000 


m^+i^- [GeV] 


200-240 


240-300 


300-400 


400-800 


800-2000 




9.5 ± 


0.4 


fi.O ± 0.3 


3.2 ± 0.1 


1.6 ± 0.1 


0.1 ± 


0.0 


Z/l' 


7.8 ± 0.3 


5.1 ± 0.2 


2.5 ± 0.1 


1.3 ± 0.1 


0.1 ± 


0.0 


tt 


1.2 ± 


0.1 


0.9 ± 0.1 


0.5 ± 0.0 


0.2 ± 0.0 


0.0 ± 


0.0 


tt 


1.0 ± 0.1 


0.7 ± 0.1 


0.4 ± 0.0 


0.1 ± 0.0 


0.0 ± 


0.0 


Diboson 


0.4 ± 


0.1 


0.3 ± 0.1 


0.2 ± 0.1 


0.1 ± 0.1 


0.0 ± 


0.0 


Diboson 


0.3 ± 0.0 


0.2 ± 0.0 


0.2 ± 0.0 


0.1 ± 0.0 


0.0 ± 


0.0 


W + jets 


1.1 ± 


0.4 


0.3 ± 0.1 


0.2 ± 0.1 


0.2 ± 0.1 


0.0 ± 


0.0 


W + jets 


0.0 ± 0.0 


0.0 ± 0.0 


0.0 ± 0.0 


0.0 ± 0.0 


0.0 ± 


0.0 


QCD 


1.9 ± 


0.8 


1.3 ± 0.7 


0.8 ± 0.4 


0.5 ± 0.2 


0.1 ± 


0.1 


QCD 


0.0 ± 0.0 


0.0 ± 0.0 


0.0 ± 0.0 


0.0 ± 0.0 


0.0 ± 


0.0 


Total 


14.1 ± 


1.0 


8.8 ± 0.7 


4.8 ± 0.5 


2.7 ± 0.3 


0.2 ± 


0.1 


Total 


9.1 ± 0.4 


6.0 ± 0.2 


3.0 ± 0.1 


1.5 ± 0.1 


0.1 ± 


0.0 


Data 


13 




9 


3 


3 







Data 


7 


6 


2 


1 








data. The p-value which quantifies, in the absence of sig- 
nal, the probability of observing an excess anywhere in 
the search region mi+i- > 110 GeV (.^ = e or /x), with a 
significance at least as great as that observed in the data 
is evaluated Q . Since the resulting p- values are 5% and 
22% for the electron and muon channels, respectively, 
no statistically significant excess above the predictions of 
the SM has been observed. 

Given the absence of a signal, an upper limit on the 
number of Z' events is determined at the 95% confidence 
level (C.L.) using a Bayesian approach [13]. The invari- 
ant mass distribution of the data is compared to tem- 
plates of the expected backgrounds and varying amounts 
of signal at varying pole masses in the 0.13-2.0 TeV range, 
a technique used in Ref. [45| . A likelihood function is de- 
fined as the product of the Poisson probabilities over all 
mass bins in the search region, where the Poisson prob- 
ability in each bin is evaluated for the observed number 



of data events given the expectation from the template. 
The total acceptance for signal as a function of mass is 
propagated into the expectation. For each Z' pole mass, 
a uniform prior in the Z' cross section is used. 

The normalization procedure described above makes 
this analysis insensitive to the uncertainty on the inte- 
grated luminosity as well as other mass-independent sys- 
tematic uncertainties. Mass-dependent systematic uncer- 
tainties are incorporated as nuisance parameters whose 
variation is integrated over in the computation of the 
likelihood function [44]. The relevant systematic uncer- 
tainties are reconstruction efficiency, QCD and weak K- 
factors, PDF and resolution uncertainties. These uncer- 
tainties are correlated across all bins in the search region, 
and they are correlated between signal and background 
except for the weak K-factor which is only applied to the 
Drell-Yan background. In addition, there is an uncer- 
tainty on the QCD component of the background for the 
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TABLE III: Summary of systematic uncertainties on the ex- 
pected numbers of events at mg+g- = 1 TeV. NA indicates 
that the uncertainty is not applicable, and "-" denotes a neg- 
ligible entry. 

Source dielectrons dimuons 



Z' signal background Z' signal background 



Normalization 


5% 


5% 


5% 


5% 


PDFs 


6% 


6% 


6% 


6% 


QCD K-factor 


3% 


3% 


3% 


3% 


Weak K-factor 


NA 


4.5% 


NA 


4.5% 


Efficiency 






3% 


3% 


Resolution 






3% 


3% 


Total 


9.4% 


9.5% 


9.4% 


10.4% 



electron channel. 

The uncertainties on the mass-dependent nuisance pa- 
rameters are as follows: since the total background is nor- 
malized to the data in the region of the Z — t^t~ mass 
peak, the residual systematic uncertainties are small at 
low mass and grow at high mass. The dominant un- 
certainties are of a theoretical nature. The uncertainty 
on the cross sections due to PDF variation is 6% (8%) 
at 1 TeV for Z' (Z*) production, for both channels. The 
uncertainties on the QCD and weak K-factors are 3% and 
4.5% respectively for both channels. The uncertainty in 
the weak K-factor includes the effects of neglecting real 
boson emission, the difference in the electroweak scheme 
definition between Pythia and HORACE, and higher or- 
der electroweak and 0{aas) corrections. Finally, an un- 
certainty of 5%, due to the uncertainty on the Z/j* cross 
section in the normalization region, as well as a 1% sta- 
tistical error on the data in the normalization region, are 
applied. 

On the experimental side, the systematic effects are as 
follows. In the electron channel, the calorimeter resolu- 
tion is dominated at large transverse energy by a constant 
term which is 1.1% in the barrel and 1.8% in the endcaps 
with a small uncertainty. The simulation was adjusted 
to reproduce this resolution at high energy and the un- 
certainty on it has a negligible effect. The calorimeter 
energy calibration uncertainty is between 0.5% and 1.5% 
depending on transverse momentum and pseudorapidity. 
The non-linearity of the calorimeter response is negligi- 
ble according to test beam data and Monte Carlo stud- 
ies [46^. The uncertainty on the energy calibration has 
minimal impact on the sensitivity of the search, since its 
main effect is a shift of a potential peak in dilepton mass 
without change of the line-shape. No source of efficiency 
variation for electron reconstruction and identification at 
high pt has been found. 

For the muon channel, the combined uncertainty on 
the trigger and reconstruction efficiency is estimated to 
be 3% at 1 TeV. This uncertainty is dominated by the 
rate of muon bremsstrahlung in the calorimeter which 
may interfere with reconstruction in the muon spectrom- 
eter. The uncertainty on the resolution due to residual 
misalignments in the muon spectrometer propagates to 
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FIG. 3: Expected and observed 95% C.L. limits on aB and ex- 
pected aB for ^ssM production and the two iSs-motivated Z' 
models with lowest and highest aB for the dielectron chan- 
nel. The thickness of the SSM theory curve represents the 
theoretical uncertainty and holds for the other theory curves. 



a change in the observed width of Z' j Z* line-shape, and 
affects the sensitivity by 3%. The muon momentum scale 
is calibrated with a statistical precision of 0.2% using the 
Z — )• I'^t' mass peak. As with the electron channel, the 
momentum calibration uncertainty has negligible impact 
in the muon channel search. The systematic uncertain- 
ties are summarized in Table Hill 

The limit on the number of Z' events produced is con- 
verted into a limit on cross section times branching ra- 
tio aB{Z' by scafing with the observed num- 
ber of Z boson events and the known value of (tB{Z ^■ 
£'^1" ) . The expected exclusion limits are determined us- 
ing simulated pseudo-experiments containing only Stan- 
dard Model processes by evaluating the 95% C.L. upper 
limits for each pseudo-experiment for each fixed value of 
Mz' ■ The median of the distribution of limits is chosen 
to represent the expected limit. The ensemble of limits 
is also used to find the 68% and 95% envelope of the 
expected limits as a function of Mz'- 

Figure [3] shows for the dielectron channel the 95% C.L. 
observed and expected exclusion limits on aB. It also 
shows the theoretical cross section times branching ratio 
for the -Z^sSM ^'^^ lowest and highest aB of Eq- 
motivated Z' models. Similarly, Figure S] shows the same 
results in the case of the dimuon channel. Figure [5] shows 
the 95% C.L. exclusion limit on aB for the combination 
of the electron and muon channels. The combination is 
performed by defining the likelihood function in terms of 
the total number of Z' events produced in both channels. 

In the three cases (dielectron, dimuon and combined 
channels), the 95% C.L. aB limit is used to set mass 
limits for each of the considered models. Mass limits 
obtained for the .^gSM displayed in Table IIVI to- 
gether with the corresponding aB limit. The combined 
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TABLE IV: e'^e , n'^ fi and combined 95% C.L. mass and 
aB limits on ^ssm- 







Observed limit 


Expected limit 






mass [TeV] aB [pb] 


mass [TeV] aB [pb] 


^SSM ~ 


e+e 


0.957 0.155 


0.967 0.145 


^SSM ~ 




0.834 0.297 


0.900 0.201 


^SSM ~ 


l+£- 


1.048 0.094 


1.088 0.081 



TABLE V: Combined mass limits at 95% C.L. on the Ee- 
motivated Z' models. 



FIG. 4: Expected and observed 95% C.L. limits on aB and 
expected aB for ^ssm production and the two iJe-motivated 
Z' models with lowest and highest aB for the dimuon chan- 
nel. The thickness of the SSM theory curve represents the 
theoretical uncertainty and holds for the other theory curves. 
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theory curve represents the theoretical uncertainty and holds 
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mass limit for the ^gg^ is 1.048 TeV (observed) and 
1.088 TeV (expected). The combined mass limits on the 
i?6 -motivated models are given in Table [V] The lim- 
its on the i?6-motivated Zj and Zg are 0.842 TeV and 
0.871 TeV, more stringent than the previous highest lim- 
its [3. 

Although the lepton decay angular distributions are 
not the same for Z' and Z* bosons, we found the differ- 
ence in geometrical acceptance to be negligible for boson 
pole masses above 750 GeV. The same procedure as for 
the Z' is used to calculate a limit on aB{Z* £^£^) 
and on the Z* mass in each channel and for their com- 



Model 


ryf ryl ryl ryl ryl ryl 

Zj^ ^t) ^S 


Mass limit 


[TeV] 


0.738 0.763 0.771 0.842 0.871 0.900 



TABLE VI: e , j-i'^fi and combined 95% C.L. mass and 
aB limits on Z* production. 





Observed limit 
mass [TeV] aB [pb] 


Expected limit 
mass [TeV] aB [pb] 


Z* e+e- 
Z* — >• fJ.+ fJ.- 
Z* £+£- 


1.058 0.149 
0.946 0.265 
1.152 0.089 


1.062 0.143 
0.995 0.199 
1.185 0.080 



bination. The results are displayed in Table I VII The 
combined mass limit for the Z* boson is 1.152 TeV (ob- 
served) and 1.185 TeV (expected). This is the first direct 
limit on this particle. 

In conclusion, the ATLAS detector has been used 
to search for narrow resonances in the invariant mass 
spectrum above 110 GeV of e+e^ and ^^/i^ final states 
with ~ 40 pb~^ of proton-proton data. No evidence for 
such a resonance is found. Limits on the cross section 
times branching ratio aB{Z' — > i+l~) are calculated, 
as well as mass limits on the Zgg^ (1.048 TeV), the Z* 
(1.152 TeV) and i^e-motivated Z' bosons (in the range 
0.738-0.900 TeV). For certain £;6-motivated models, 
these limits are more stringent than the corresponding 
limits from the Tevatron. 
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L. Gcrrito^^ F. Gcrutti^^, S.A. Gctini^*^, F. Gcvcninii"2a,i02b^ Ghafaq^^Sa^ D. Ghakrabortyio^ K. Ghan^, 

B. Ghapleau^s^ J.D. Ghapman^^, J.w. Ghapman^^, E. Ghareyre^^^ D.G. Gharltoni^ V. Ghavda^^ S. Gheatham^i, 

S. Ghekanov^, S.V. Ghekulaev^^ga^ q Ghelkov^^s, M.A. Ghelstowska"^, C. Ghen^*, H. Ghen^*, L. Ghen^, 

S. Glien32<=, T. Ghen^^^, X. Ghen"^ S. Gheng32a^ A. Gheplakov^s, V.F. Gllepurnov6^ R. Gherkaoui El Mourslil35^ 

V. Gliernyatin24, E. Glieu^, S.L. Gheungi^^ L. Ghcvalicri-'^^ G. Ghicfarii02a,i02b^ l_ GhikovaniSi, j childers^^*^, 

A. Ghilingarov^i, G. Ghiodini^2a^ y_ chizhov^^'S^ G. Ghoudalakis^o, S. Ghouridoui^^, LA. Ghristidi^^, 

A. Ghristov^s, D. Ghromek-Burckhart^^, M.L. Chu'^^\ J. Ghudoba^^s, G. Giapettii32a,i32b^ ^ Giba^^, A.K. Giftci^'^, 

R. Giftci^'^, D. Ginca33, V. Gindro''^ M.D. Giobotarui^s, G. Giocca^^'^'is'', A. Giocio", M. GirilliS^, 

M. Giubancan25% A. Glark'^^ P.J. Glark^^^^ W. Glclandi^s, J.G. Glcmons^^^ B. Glcnicnt5-\ G. Glcnicnti''6a,i46b^ 

R.W. Gliffti29, Y. Goadou^^^ M. Gobali64a,i64c^ Goccaro^O'^'SOb^ j. GochranS*, P. Goe"^, J.G. Gogan"3, 

J. Goggeshalli65, E. Gogneras^^^, G.D. Gojocaru^^, J. Golas^, A.P. Golijnios, G. Gollardll^ N.J. Gollinsi^, 

G. Gollins-Tooth''^-\ J. Gollot5'\ G. Golon^^ G. Gomune^s, P. Gondc Muifioi24a^ p. Goniavitis"«, M.G. Gonidi", 

M. Gonsonnii04, s. Gonstantinescu^^a, G. Gonta"^''^"^'', F. Gonventi^o^a,?^^ j. Cook29, M. Gooke", B.D. Gooper^^, 

A.M. Gooper-Sarkarii^, N.J. Gooper-Smith^'^, K. Gopic^^, T. Gornelissen^Oa-SOb^ M Gorradi^^*, F. Gorriveau^^'% 

A. Gortes-Gonzalezi65, G. Gortiana''", G. Gosta«"% M.J. Gosta^e^^ D. Gostanzoi^s, T. Gostin^o, D. Gote^^, 

R. Goura Torres23^, L. Gourneycai'^^, G. Gowan^^ G. Gowdcn27, B.E. Gox*^2^ ^ Granmeri"^^ F. Grcsciolii22a,i22b^ 

M. Gristinziani20, G. Grosctti^Sa.seb^ (.j.^pj72a,72b^ g Grepe-Renaudin5^ G. Gucnca Almcnari^'\ 

T. Guhadar Donszelmanni-''9, S. Guneo^o^^'SOb^ Guratolo^^, G.J. Gurtis^^ P. Gwetanski^i, H. Gzirr^i, 

Z. Gzyczula"^ S. D'Auria^^^ M. D'Onofrio^^^ A. D'Orazioi32a,i32b^ a. Da Rocha Gesualdi Mello^^a, 

P.V.M. Da Silva23^, G. Da Via^^^ W. Dabrowski^^, A. Dalllhoff'*^ T. Dai^^, G. Dallapiccola8^ S.J. Dallisoni29.*, 

M. Dam35, M. Dameri^O'^.sob^ p, g Damianii37, H.O. Danielsson29, R. Dankersl°^ D. Dannheim^^ V. Dao^^^ 

G. Darbo^o^, G.L. Darlea^^b, G. Daum^os, J.R Dauvergne ^9, W. Davey*^ T. Davideki^s, N. Davidson8^ 

R. Davidson'^i, M. Davics^^, A.R. Davison'^'^, E. Dawci''2^ i. Dawson^^g^ Dawson^'*, R.K. Daya'''9, K. De'^, 

R. de Asniundisi02a^ g. De Castro^^^''^^^ , P.E. De Gastro Faria Salgado^^, S. De Gecco^^ J. do Graat^^^ 

N. De Grootio4^ P. de Jonglo^ G. De La Taille"^ H. De la Torre*°, B. De Lottol*5^*■l*5^^ L. Dc Mora^S 

L. De Nooijl°^ M. De Oliveira Branco29, D. De Pedisi32a^ p. de Saintignon^^^ p)g ^^]^^^i32i,^ 

U. De Sanctisl6^*'^^^^ A. Dc Santoi^s, J.B. Dc Vivic De Regie"^ S. Doan^^, D.V. Dcdovich^s, J. Dcgenhardt^^o, 

M. Dellchar"^ M. Dcilo^^ G. Del Pa.pa.^^^''^^^^'', J. Del Peso*", T. Del Pretci22a,i22b^ DeH'Acqua^s, 

L. Dell'AstaSS'^'SSb^ m. Delia Pietrai°2a,/>^ della Volpei°2a,i02b^ Delmastro^^, P. Delpierre^^, N. Delruelle^^, 

P.A. Delsart^^, G. Deluca"^, S. Demersl■^^ M. Demichev'^^, B. Demirkoz", J. Deng^^s^ g.P. Denisov^^s, 

D. Derendarz'''^ J.E. Derkaoui^^sd^ p_ perue^^, P. Dervan'^^ K. Dcsch20, E. Devetak"^ P.O. Dcvivcirosi^^^ 
A. Dewhurst^^^ B. DeWilde"^ S. Dhaliwall5^ R. Dhullipudi^^J, A. Di Giaccioi33a,i33b^ p ciaccio", 

A. Di Girolamo29, B. Di Girolamo^^, S. Di Luise"^^'i34b^ a. Di Mattia^^ B. Di Micco^^, R. Di Nardoi33a,i33b^ 
A. Di Sinionei33a,i33b^ ^ ^igaagb^ j^p^. Diaz^i^, F. Diblcni^^ E.B. DiehF, H. Dietl^^ J. Dietrich^^^ 

T.A. Dietzschss*^, S. Diglio"^ K. Dindar Yagci^^, J. Dingfelder20 , G. Dionisi"2a,i32b^ p p)ita25a^ g Dita^^a, 

F. Dittus^s, F. Djama^^^ Djilkibaev^^*, T. Djobava^S M.A.B. do Valc23% A. Do Valle Weniansi24a^ 

T.K.O. Doan^, M. Dobbs^^, R. Dobinson 29.*, D. Dobos42, E. Dobson29, M. Dobson^^^ J. Dodd^^, Q.B. Dogan^^'*'*, 

G. Doglioni"^ T. Doherty^^, Y. Doi^^,*^ j Dolcjsii26, i. Dolcnc'^'^, Z. Dolezal^^e^ p a. Dolgoshcin96.*, 

T. Dohmaci5'\ M. Donadclli23b, M. Doncgai20, j. Donini''^'^ J. Dopkc29, A. Doriai°2a^ a. Dos Anjosi^2^ Dosil^S 

A. Dottii22a,i22b^ ^ ^^^^^70^ j j) Dowell^^ A.D. Doxiadisi°5, A.T. Doyle^^, Z. Drasal^^e, j. Drees"^ 

N. Dressnandt^^o, H. Drevermann29, G. Driouichi^s, M. Dris^ J.G. Drohan^^ J. Dubbert9^ T. Dubbs^^^, 

S. Dubci4, E. Duchovnii^i, G. Duckeck98, A. Dudarcv29, F. Dudziak6^ M. Diihrssen 29, LP. Duerdotli82, 

L. Duflot"^ M-A. Dufour^s, M. Dunford29, H. Duran Yildiz^^, R. Duxfieldi^s, M. Dwuznik^^ F. Dydak ^9, 

D. Dzahini5^ M. Diiren^^ W.L. Ebenstein^^, J. Ehke^^, S. Eckert^^, S. Eckweiler^S K. Edmonds^S 

G.A. Edwards^e^ ^ Elircnfeld"*!, T. Elirich99, T. Eifert29, G. Eigen^^, K. Einsweiler", E. Eisenhandler^^^ 

T. Ekelofl'^^ M. El Kacimi", M. EUerti^*^, S. Files'^, F. Ellingliaus^\ K. Ellis^^, N. Ellis29, J. Elmslieuscr98, 

M. Elsing29, R. Elyi4, D. Emeliyanov^^g^ Engelmanni^s, A. Engl98, B. Epp62, A. Eppig*'^, J. Erdmann^^^ 

A. Ereditatois, D. Eriksson"6a^ j. Ernst^, M. Ernst24, J. Ernweini^e, D. Erredel^^ S. Erredel'^^ E. Ertel*^i, 

M. Escalier"^ G. Escobar^^T^ x. Espinal GuruU", B. Esposito"*^, F. Etienne^^^ a.I. Etienvre^^e^ p^ Etzion^^^^ 

D. Evangelakou^^, H. Evans^^S L. Fabbrii^'^'i^^, c. Fabre29, K. Facius^^, R.M. Fakhrutdinov^^s, S. Falciano^^^a^ 
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A.C. Falou"^ Y. Fang^^^ M. Fanti^^'^'^^b^ ^ Farbin^ A. Farilla"4a^ j_ Farlcy"^ T. Farooquci^^^ 

S.M. Farrington"®, P. Farthouat^^, D. Fasching^'^^^ p_ Passnacht^^, D. Fassouliotis^, B. Fatholahzadch^^^, 

A. Favarcto*^^^^^'', L. Fayal•d"^ S. Fazio^^^'^eb^ r. Febbraro^^, P. Federici44a^ q.L. Fedini^i, 1. Fcdorko^^, 

W. Fedorko^s, M. Fehling-Kaschek^s, L. FeligioniSS, D. Fellmann^ C.U. Felzmann^e, C. Feng32d^ E.J. Feng^o, 

A.B. Fenyuki28, J. Ferencei"^'', J. Ferland^^^ g Fernandesl=^*'"'^ W. Fernandoi°^ S. Ferrag^^^ j Ferrando"^, 

V. Ferrara-^S A. Fcrrarii^^^ p perraril°^ R. Ferrariii^*^, A. Ferrcri^^^ M.L. Ferrer'*'', D. Ferrere''^, C. FerrettF, 

A. Ferretto Parodi^o^^'^ob^ jyj^ Fiascaris^o, F. Fiedler^i, A. Filipcic^'', A. Filippas^, F. FilthautiO'', 

M. Fincke-Keeleri69, M.C.N. Fiolhaisi24a,s^ l Fioriniii, A. Firan^s, G. Fischer^S P. Fischer 20, M.J. Fisher^o^ 

S.M. Fisheries, J. Flammer^s, M. Flechl'*^ I. Fleck^i, J. Fleckncr^i, P. Fleischmanni^^^ S. Fleischmanni^^, 

T. Flick""*, L.R. Flores Castillo"^^ M.J. Flowerdew*^", F. Fohlisch^^'^, M. Fokitis^, T. Fonseca Martin**^, 

D.A. Forbush*38, A. Formicate, A. Forti^^^ ^ Fortini-^''"\ J.M. Foster^^, D. Fournier^is^ ^ Foussat^^, 

A. J. Fowler"*, K. Fowleri^^^ H. Fox'^*, P. Francavillai22a,i22b^ g Francliino"^^'"^'', D. Francises, T. Frank*^*, 
M. Franklin^^, S. Franz^^, M. Fraternali"^^'"^'', S. Fratina^^o^ S.T. French^^, R. Froeschl^^, D. Froidcvaux^s, 
J.A. Frost^^, C. Fukunagais'^, E. FuUana Torrcgrosa^^, J. Fustcr*67^ C. Gabaldon^^, O. Gabizon*^*, T. Gadfort^", 
S. Gadomski49, G. Gagliardi^o^^'SOb^ p. Gagnon^i, C. Galea^^, E.J. Gallas"^, M.V. Gallas^^, V. Gallo*^, 

B. J. Gallop*29, P. Gallus*25, E. Galyaev^o, K.K. Gan^o^, Y.S. Gao"3'^ V.A. Gapienko^^s, A. Gaponenko", 
F. Garberson"^ M. Garcia-Scivcrcs*". C. Garci'a*^^^ j.E. Garcia Navarro*^, R.W. Gardner^'*", N. Garelli^'', 
H. Garitaonandia*°5, V. Garonne^^, J. Garvey", C. Gatti*^ G. Gaudioi*^'', O. Gaumer^s, B. Gaur"i, 

L. Gauthier*36, I.L. Gavrilenko^", C. Gay*6^ G. Gaycken^o, J-C. Gaydc^^ E.N. Gazis^, P. Ge^^d, C.N.P. Gee^^s, 

D. A.A. Geerts*°^ Ch. Gcich-GimbcP", K. Gcllcrstcdti*6a,i46b^ q Gcmnie^"'', A. Gemmcl^'^^ M.H. Genesis's, 
S. Gentile"2a,i32b^ ^ Gcorgc"^"^ George^^ P. Gerlacli*^"^ Gerslion*53, C. Geweniger^s^ H. Ghazlane^^sb^ 
P. Ghez", N. Ghodbane33, B. Giacobbe*9a, S. Giagu*32a,i32b^ y. Giakoumopoulou^, V. Giangiobbe*22a,i22b^ 

F. Gianotti29, B. Gibbard24, A. Gibsoni^s, S.M. Gibson29, G.F. Gicraltowski^, L.M. Gilbert"^ M. Gilchriese", 
V. GilewskySi, D. Gillbcrg2^ A.R. Gillman*29, D.M. Gingricli2>'^, J. Ginzburgi^s^ N. Giokaris^, R. Giordano*°2a,i02b^ 
P.M. Giorgi*5, P. Giovannini'^^, P.F. Giraud*^''^ D. Giugni*^^, P. Giusti*'''^, B.K. Gjclsten"^ L.K. Gladilin^^, 

C. Glasman^o, J. Glatzer^s, A. Glazov"**, K.W. Glitza*^"^ Q p. Glonti^^^ J. Godfrey"2, j. Godlewski29, 

M. Goebel^i, T. Gopfert'*^, C. GoeringerS*, C. G6ssling42^ ^ Qottfert^^, S. Goldfarb^^, D. Goldin^s, T. Golling*^^^ 
S.N. Golovnia*28. A. Gonics*24a,b^ p.g. Gomez Fajardo''*, R. Gongalo^^^ J. Goncalves Pinto Firmino Da Costa**, 
L. Gonella20, A. Gonidec29, S. Gonzalez*72^ g Gonzalez de la Hoz*67, M.L. Gonzalez SiW^, S. Gonzalez-Sevilla*^, 
J.J. Goodson*48, L. Goossens29, P.A. Gorbounov^^, H.A. Gordon24, I. Gorelov*03, G. Gorfine*''", B. Gorini29, 

E. Gorini''2'^.72b^ ^ Gorisck^*, E. Gornicki^^, S.A. Gorokhov*28, V.N. Goryaclicv*28, B. Gosdzik**, M. Gosselink*o^ 
M.I. Gostkin^s, M. Gouanere'', I. Gough Esclirich*^^, M. Gouigliri*35'^, D. Goujdami*35c, y^ p Qoulette^^, 

A.G. Goussiou*38, C. Goy^ I. Grabowska-Bold*63>/, V. Grabski^^^^ P. Grafstr6m29, C. Grah^^"^ K-J. Grahni47, 

F. Grancagnolo''2'^, S. Grancagnolo*^ V. Grassi*4^ V. Gratcliev*2i, N. Grau^", H.M. Gray29, J.A. Gray**^, 

E. Graziani*3*^, O.G. Grcbcnyuk*2i, D. Grecnficld*29, T. Grccnshaw^^ Z.D. Grccnwood2* J, I.M. Gregor**, 

P. Grcnicr*4'\ E. Griesmayer^^ J. GrifBtlis*^^, N. Grigalashvili6^ A.A. Grillo*-''^, S. Grinstein**, P.L.Y. G^is•^•^ 
Y.V. Grishkevich^^, J.-F. Grivaz**^, J. Grognuz29, M. Groh^^, E. Gross*^*, J. Grosse-Knetter^", J. Groth-Jensen''^, 
M. Gruwe29, K. Grybel***, V.J. Guarino^ D. Guest*''^, C. Guicheney^^, A. Guida^2a,72b^ G^illemin*, 
S. Guindon^*, H. Guler^s.*, J. Gunthcr*25, B. Guo*5^ J. Guo^*, A. Gupta-''", Y. Gusakov«^ V.N. Guslichin*28, 
A. Gutierrez^^^ P. Gutierrez***, N. Guttman*^^^ O. Gutzwiller*^2^ ^ Guyot*36, C. Gwenlan**^, C.B. Gwilliam^^^ 
A. Haas*"^ S. Haas29, C. Haber*", R. Hackenburg24, H.K. Hadavand^^, D.R. Hadley*^, P. Haefner^^, F. Halin29, 
S. Haider29, Z. Hajduk^s, H. Hakobyan*™, J. Haller^*, K. Hamacher*''*, P. HamaI**-\ A. Hamilton*^, S. Hamilton*^*, 

H. Han32a, L. Han32b, k. Hanagaki**6, M. Hance*20, C. Handel^*, P. Hanko-^«% C.J. Hanscn*^^, J.R. Hanscn^^^ 
J.B. Hansen^s, J.D. Hansen^s, RH. Hansen^s, R Hansson*'*3, K. Hara*^^, G.A. Hare*^^, T. Harenberg*^*, 

D. Harper^'^, R.D. Harrington2*, Q.M. Harris*^^, K. Harrison*'^, J. Hartert"*^, F. Hartjes*°^, T. Haruyama'^'^ , 

A. HarveySe, S. Hasegawa*"*, Y. Hascgawa**", S. Hassani*^^, M. Hatch29, D. HaufP^, S. Haug*^, M.' Hauscliild29, 
R. Hauscr^^, M. Havranck20, B.M. Hawcs**^ CM. Hawkcs*^, R.J. Hawkings2'5, D. Hawkins*'^'-\ T. Hayakawa^^, 
D Hayden^e^ H.S. Hayward^^^ S.J. Haywood*29, E. Hazen2*, M. He32d, S.J. Head*^ V. Hedberg^^, L. Heelan^ 
S. Heim^s, B. Heinemann*-*, S. Heisterkamp^s, L. Helary*, M. Heldmann4^ M. Heller**^ S. Hellman*'*6^>*46b^ 

C. Helsens**, R.C.W. Henderson^*, M. Hcnkc^^^, A. Henrichs^*, A.M. Hcnriques Correia29, S. Henrot-Versille**^ 

F. Henry- Couannier^^, C. Hensel^**, T. Henl3*^**, Y. Hernandez Jimcncz*^'^. R. Horrbcrg*^, A.D. Herslienliorn*^2^ 

G. Herten"^, R. Hertenberger^^, L. Hervas29, N.P. Hessey*°^ A. Hidvcgi***'^ E. Higon-Rodrigucz*^^, D. HiU^'*, 
J.C. Hill27, N. Hill\ K.H. HiUcr**, S. Hillcrt20, S.J. Hillier*^ I. Hinchliffc**, E. Hincs*2", M. Hirosc**^ F. Hirsch'*2, 

D. Hirschbuehl*^*, J. Hobbs**^, N. Hod*^^^ M.C. Hodgkinson*^^, P. Hodgson*-^^ A. Hoecker29, M.R. Hoeferkanip*°3, 
J. Hoffmanns, D. Hoffmann^^^ M. Hohlfeld^*, M. Holder*"*, A. Holmes**^ S.O. Holnigren**^^, T. Holy*27, 

J.L. Holzbauer^*, Y. Homma^^, L. Hooft van Huysduynen*°^ , T. Horazdovsky*2'^, C. Horn**"', S. Horner"^, 
K. Horton**^, J-Y. Hostachy^s, S. Hou*^*, M.A. Houlden^^^ Hoummada*^^^, J. HowarthS2^ p)_p_ Howell**^, 

I. Hristova "*, J. Hrivnac**^, I. Hruska*25, T. Hryn'ova", P.J. Hsu*^^^ S.-C. Hsu*", G.S. Huang***, Z. Hubacek*27, 
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F. Hubaut83, F. Hucgging20, T.B. Huffniaii"^^ E.W. Hughes^*, G. Hughcs^i, R.E. Hughes- Jones^^ M. Huhtinen^^, 
P. Hurst'", M. Hurwitzi"*, U. Husemann"*!, N. Huseynov^S'', J. Huston^^ J. Huth", G. Iacobuccii°2a^ q lakovidis^, 
M. Ibbotson*^, I. Ibragimov^'^^, R. Ichimiya*'''', L. Iconomidou-Fayard^^''', J. Idarraga^^^, M. Idzik^'^, P. icngo^"^''^^"^'^, 

0. Igonkina^o^, Y. Ikegami^^^ Ikeno^'^, Y. Ilchenko^^, D. Iliadis^^'', D. Imbault^^, M. Imhaeuseri^", M. Imorii^^ 
T. Ince^o, J. Inigo-Golfin^s, P. Ioannou^ M. lodicei^^a, G. lonescu^, A. Tries Quiles^^^ K. Ishii^e, A. Ishikawa'^'', 

M. Ishino^'^, R. Ishmukhamctov^^, C. Issever"^^ s. Istin^Sa. Y. ltoh^°\ A.V. Ivashini^s, W. Iwanski^s, H. Iwasaki^^, 
J.M. Izen^o, V. Izzo^o^a^ b. Jacksoni^o, J.N. Jackson^^^ P. Jackson^s, M.R. Jaekel^^, V. Jain^i, K. Jakobs^s, 
S. Jakobsen^s, J. Jakubek^^^, d.K. Jana^^\ E. Jankowski^^^^ E. Jansen^^ A. Jantsch^^, M. Janus^o, G. Jarlskog™, 
L. Jeanty", K. Jclcn^^, 1. Jen-La Plantc'^o, P. Jcnni^^, A. Jcrcmic", P. Jez^s, S. Jczequel", M.K. Jha^^^, H. Ji^^^ 
W. Ji^\ J. Jia"8, Y. Jiang32b, M. Jimenez Belenguer^i, G. Jin^^^, S. Jin32a^ Q. Jinnouchii^^, M.D. Joergensen^^ , 

D. Joffe3^ L.G. Johanseni3, M. Johansen"6a,i46b^ E. Johansson"6a^ p. Johanssoni^s, S. Johnert^\ K.A. Johns*^, 
K. Jon- And"6a, 146b ^ q Jones82, R.W.L. Jones^S T.W. Jones^^ T.J. Joncs^^^ O. Jonsson^^, C. Joram^^, 

P.M. Jorgci24a,b^ J. Joscphi4, X. Ju^^", V. Jurancki25, p. JusscF, V.V. Kabachcnkoi^s, S. Kabana^^, M. Kacii*'^, 

A. Kaczniarska^s, P. Kadlccik^^, M. Kado"^ H. Kagani"^ M. Kagan", S. Kaisc^«^ E. Kajoniovitzi52^ 

S. Kalinini^"^ l y_ Kalinovskaya^^, S. Kama^^, N. Kanaya^^^, M. Kaneda^^^, T. Kanno^^^, V.A. Kantserov^^ 

J. Kanzaki^e, B. Kaplan^^'S, A. Kapliy^o, J. Kaplon^^, D. Kar^^, M. Karagoz^^, M. Karnevskiy^i, K. Karr^, 

V. Kartvelishvili^S A.N. Karyukhin^^s, L. Kashif"^^ ^ Kasmi^^, R.D. Kass^^^ A. Kastanas^^ M. Kataoka^, 

Y. Kataoka^ss, E. Katsoufis^, J. Katzy^^, V. Kaushik^, K. Kawagoe*^^, T. Kawamotol5^ G. Kawamura^i, 

M.S. Kayli"^ V.A. Kazaninio^, M.Y. Kaza^inov*5^ S.I. Kazi*^, J.R. Keates^^ R. Keeler^ss, R. Kehoe^^, M. Keil^^, 

G. D. Kckclidze^s^ M. Kelly82, J. Kcnncdy^^, C.J. Kcnncyi^s^ M. Kcnyon'^^ O. Kcpkai25, N. Kcrschcn^^ 

B. P. Kersevan^"*, S. Kersteni^"^ Kessoku^^^ C. Kctterer^^, M. Khakzad28, F. Khalil-zadai°, H. Khandanyan^^s, 
A. Khanov"2^ d. Kharchenko6^ A. Khodinov"^. A.G. Kholodenko^^s^ ^ Khomich^^^, T.J. Khoo^^, 

G. Khoriauli2°, N. Khovanskiy^^, V. Khovanskiy^^, E. Khramov^^, J. Khubua^^, G. Kilvington'^^, H. Kim'^, 
M.S. Kini2, P.C. Kimi43, S.B. Kim^^^, N. Kimurai^", O. Kind^^, B.T. King^^^ King^^, R.S.B. King"^^ 

J. Kirki29, G.P. Kirsch"^ L.E. Kirsch22, A.E. Kiryunin^o, D. Kisiclcwska^^ T. Kittclmanni23^ A.M. Kivcr^^s, 

H. Kiyamura^^ E. Kladiva"'"^, J. Klaiber-Lodewigs42, M. Klein^^^ U. Klein^^^ K. Kleinknecht^i, M. Klemetti^^ 

A. Klieri^'i, A. Klimentov24, R. Klingenberg42, E.B. Klinkby^^, T. Klioutchnikova^^, P.F. K\ok^°^, S. Klousl°^ 

E. -E. Kluge^S'', T. Klugc^^^ p Kluit^os, S. Kluth^^, E. Kneringcr62, J. Knobloch2S', E.B.F.G. Knoops^^^ A. Knue^^, 

B. R. Ko''^ T. Kobayashiiss^ M. Kobel^s, B. Koblitz29, M. Kocian"3, A. Kocnar"^, p. Kodys^^e, K. K6neke29, 
A.C. K6nigi"4^ S. Kocnig*^!, L. Kopkc^^, F. Koetsveld^^^, P. Koevesarki^o, T. Koffas^^, E. Kofremanlo^ F. Kohn^^, 
Z. Kohouti27^ T. Kohriki^e, T. Koi^^^, T. Kokott20, G.M. Kolachcv^o^, H. Kolanoskii^ V. Kolcsnikov^^, 

1. KoletsouS"^ J. KoYl^^, D. Kollar29, M. KoUefrath^s, S.D. KolyaS2, A.A. Koniar^^, J.R. Komaragiri"^^ 

T. Kondo^f', T. Kono^^'™, A.I. Kononov^^, R. Konoplichi"^ N. Konstantinidis^^, A. Kootz^^^, S. Koperny^^, 

S.V. Kopikovi28, K. Korcyps, K. Kordasi54, V. Korcshcyi^s, A. Korn^^, A. Koroli°^ I. Korolkov", 

E.V. Korolkovai39, V.A. Korotkovi28, 0. Kortncr^^, S. Kortncr^^, V.V. Kostyukhin20, M.J. Kotamaki29, S. Kotov9^ 

V.M. Kotov'^^ A. Kotwal'*'^, C. Kourkounlelis^ V. Kouskourai'^'^, A. Koutsmanl"^ R. Kowalewski^^^, 

H. Kowalski^i, T.Z. Kowalski^^, W. Kozanecki^e, A.S. Kozhini28, v. Krali27, V.A. Kramarenko^^, 

G. Kramberger"^"*, O. Krasel''2, M.W. Krasny'^®, A. Krasznahorkay^°^, J. Kraus®^, A. Kreisel^^^, F. Krejci^27^ 

J. Krctzschmar^3^ Krieger^'*, P. Krieger^'''®, K. Kroeninger'''^, H. Kroha^^, J. Kroll^20^ j Kroscberg2°, 

J. Krstici2a^ u_ Kruchonak6^ H. Kruger20, Z.V. Krunlshteyn6^ A. Kruth20, T. Kubotal5^ S. Kuehn^s, A. Kugel^^^, 

T. Kuhl"^, D. Kuhn62, V. Kukhtin^^, Y. Kulchitsky^o, S. Kuleshov^^^, C. Kummer^^, M. Kuna^^, N. Kundu^^^, 

J. Kunklei20^ A. Kupcoi25, H. Kurashige^^, M. Kurata^^", Y.A. Kurochkin^", V. Kusi25^ ^ Kuykendall^^s, 

M. Kuzei", P. Kuzhir^i, O. Kvasnickai25, J. Kvita29, R. Kwee^^, A. La Rosa29, L. La Rotonda^S'^'^eb^ Labarga^o, 

J. Labbe^, S. Lablak^^Sa^ c. Lacasta^^^ F. Lacavai32a,i32b^ jj Lackerl^ D. Lacour^^^ V.R. Lacuesta^^^^ 
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A. K. Morlcy29, G. Mornacchi29, M-C. Morone^^, S.V. Morozov^^ J.D. Morris^^^ H.G. Moser^^, M. Mosidze^^, 
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K. Murakami^e, W.J. MuvTay^^^, I. Musschcio^^ E. Mustoi"2a,i02b^ ^ q Myagkov"^ M. Myska"^ J. Nadal", 
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A.-E. Nuncio-Quiroz20, G. Nunes Hanninger20, T. Nunnemann^^ , E. Nurse'^'^. T. Nyman29, B.J. O'Brien*^, 

S.W. O'Neale"'*, D.C. 0'Neili42^ y. 0'Shea53, E.G. Oakham28''', H. Oberlack'^^ J. Ocariz^^ A. Ochi67, S. Oda^^^^ 
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R. Piegaia26, J.E. Pilcher^o, A.D. Pilkington^2^ j p^^^i24i,.b^ Pinamonti^'^^^'i^''^ A. Pindcr"^ J.L. Pinfold^, 
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V. Radescu^*^!^, B. Radics2", T. Rador^**^, F. Ragusa*^^^'^^!^, G. Rahal^^^ A.M. Rahimiio^, D. Rahm24, 
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R. Rcecei20^ K. Rceves-*o, A. Rcicholdi"^ E. Rcinherz-Aronisi"^^ A. Reinsch"'*, I. Reisingcr-*2 , D. Reljici2a^ 
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F. Rizatdinova^^2^ f. Rizvi''''', S.H. Robcrtson^^'', A. Robichaud- Veronneau"''^ , D. Robinson2'', J.E.M. Robinson'''', 
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